Controversy continues both as to which wavelengths of sunlight cause melanoma and the mechanisms by which these different wavelengths act. Direct absorption of UVB by DNA is central in albino animal models, but melanin-pigmented models have shown major contributions by wavelengths longer than UVB that are thought to be mediated by photosensitized oxidant production. The only model for which the action spectrum of melanoma causation is known is a genetically melanoma-susceptible specific cross of Xiphophorus fish. We used electron paramagnetic resonance to quantitatively detect the UV induction of reactive melanin radicals in situ in the melanin-containing cells in the skin of this model and derived the action spectrum for melanin-photosensitized oxidant production (⌽ ox). This action spectrum was identical to that for melanoma induction (⌽ mel). These results confirm the hypothesis that melanin-photosensitized radical production is the major causative step of melanoma in this model and demonstrate that the wavelengths and mechanisms of melanoma causation in different models are dependent on the presence of melanin. This approach should be applicable to humans, thus providing an accurate surrogate for ⌽ mel for prevention studies.
C
utaneous malignant melanoma incidence continues to increase (1) , yet prevention strategies are hindered by a lack of knowledge of which wavelengths of sunlight cause melanoma, and the mechanisms by which these different wavelengths cause melanoma are not understood. Although nonmelanoma skin cancers are predominantly caused by UVB wavelengths, melanoma causation has efficiently been observed by wavelengths longer than UVB, such as UVA, with this observation supported by both experimental animal (2) (3) (4) and human epidemiological evidence (5) (6) (7) . However, the role of UVA in melanoma causation still remains controversial (8, 9) . Similarly, there is controversy over the mechanisms by which these different wavelengths act. The prevailing view is that UVA leads to DNA photooxidation, with melanin thought to be the important photosensitizer when present, whereas UVB leads to pyrimidine dimer formation through direct absorption by DNA (6, 10) . The relative importance of UVB and UVA in these processes is, however, currently under scrutiny, because some have found that UVA appears able to produce pyrimidine dimers in cultured cells (11, 12) , whereas melanin can act as an efficient UVB sensitizer in vivo (13) , and so these questions need further investigation.
The question of which wavelengths cause a biological effect, in this case melanoma, is best evaluated through measuring the wavelength dependence of that effect to generate its action spectrum (14) . Although melanoma has been observed in many species (15) , there is only one model in which the action spectrum of melanoma causation has been determined, namely select interspecies crosses of Xiphophorus fish (4, 16) . Despite the phylogenetic distance between Xiphophorus and humans, and the differences in skin structures that may modify penetration of different wavelengths of UV light, the potential importance of this action spectrum (4) is great. Convolution of this action spectrum with typical solar terrestrial irradiance spectra suggests that an overwhelming preponderance of melanomas may be caused by UVA (4) with contributions by even wavelengths as long as 547 nm perhaps being important (17) . The search for what makes wavelengths longer than UVB relatively more effective in causing melanoma than other skin cancers has focused on differences between melanocytes and keratinocytes, especially the role of melanin as an endogenous photosensitizer of melanocytes. The insoluble polymer melanin contains stable free radicals, and characterization of these radicals by EPR spectroscopy is a method of choice for its study (18, 19) . Central to its role in melanoma causation, however, is that in vitro illumination of melanin by UV and blue light generates further metastable reactive melanin radicals (that might react directly with biological molecules) and that also release reactive oxidants such as superoxide (and hence hydrogen peroxide and potentially hydroxyl radicals) with identical action spectra (20) (21) (22) (23) (shown in Reaction 1)
These light-induced melanin radicals are therefore an appropriate surrogate measurement for oxidant release by melanin into melanocytes in situ and have been observed by EPR in UVirradiated pigmented rabbit skin (24) . We report here the action spectrum of reactive melanin radical formation in situ in the melanin-containing cells of Xiphophorus skin. The correlation between this action spectrum, and that of melanoma causation (4), was excellent, suggesting that oxidants formed in melanocytes by the action of light on melanin play the central role in melanoma causation, at least in this Xiphophorus model. Moreover, the ability of this action spectrum to replicate that of melanoma causation could, on appropriate validation, lead to the use of this technique to provide mechanistically derived surrogates in species (such as humans) in which acquisition of the ''real'' action spectrum of melanoma causation is not possible. Finally, the ability to measure the effects of sunscreens on this action spectrum could ʈ To whom correspondence may be addressed. E-mail: gtimmins@salud.unm.edu or setlow@bnl.gov.
provide a badly needed measure (14) of their ability to screen out melanoma-causing wavelengths.
Results and Discussion
Measurement of Metastable Reactive Melanin Radicals in Xiphophorus. For the derivation of action spectra, the melanin radical was first observed by EPR spectroscopy, as shown in Fig. 1A (dashed line). It was then verified that UV resulted in an increase in the signal, as shown in Fig. 1 A (solid line) . In nonpigmented fish, the melanin EPR signal was not present, either at baseline or under UV irradiation. The magnetic field then was fixed to the first derivative maxima of the melanin radical (as shown by the arrow in Fig. 1 A) , the sample was exposed by opening a shutter until the signal reached a steady state, and the increase in signal height R (shown in Fig. 1B ) was measured (20) . The shutter then was closed for at least three times the period it took for the additional signal, R, to decay to preexposure levels and then reexposed. A segment of a representative trace in shown in Fig. 1B . Each sample was measured three times at each wavelength. The interference filters were changed according to a randomized protocol on each sample, although neither bleaching nor activation was observed in repeated cycles (data not shown). In nonpigmented fish, the melanin EPR signal was not present, either at baseline or under UV irradiation. The data were analyzed according to the theoretical backgrounds of Sarna and coworkers (21, 22, 25) . Briefly, it was first confirmed that the magnitude of the UV-induced increase in metastable melanin radical signal, R, was proportional to the square root of light intensity for blue light, UVA and UVB wavelengths (representative data for 365 nm shown in Fig. 2 ). Decay of the signal upon ceasing illumination exhibited second-order kinetics, as reported in refs. 21, 22, and 25. The light-induced increase in metastable melanin radical, R, was then converted to the relative flux of oxidants per photon of specific waveband, ⌽ ox , by Eq. 1 (21)
where I is photon flux (photons⅐sec Ϫ1 ⅐m Ϫ2 ), 2k is a constant related to the rate of decay of the radical, and R is the steady-state increase in melanin radical intensity. ⌽ ox was normalized to 1 for the most efficient wavelength for each sample of adult or juvenile tissues, and the means of four samples were calculated.
Action Spectra for ⌽ox in Adult and Juvenile Xiphophorus. Fig. 3A shows the action spectra of ⌽ ox as measured in adult (9-monthold) Xiphophorus together with the action spectrum of melanoma causation ⌽ mel derived by Setlow et al. (4) in the same fish model. Both are normalized at 1.0 at 303 nm. It can be seen that there is a very high degree of similarity between the two action spectra, with maxima at 303 nm, a dip near the UVB͞UVA transition, a second smaller peak at 365 nm, and lowered but discernable activity in the violet blue spectrum at 404 and 436 nm. However, there are significant differences between the values of ⌽ ox and ⌽ mel at 404 and 436 nm, (P Ͻ 0.001 and P ϭ 0.1, respectively) with the value of ⌽ ox being greater than ⌽ mel . This result would mean that ⌽ ox values in these regions might not accurately represent real values of melanoma causation and hence raise doubt as to the validity of using ⌽ ox as a surrogate for ⌽ mel . However, the action spectrum of ⌽ ox in Fig. 3A was derived from adult fish, whereas that of ⌽ mel was derived from irradiation of 6-day-old juvenile fish (4) .
As noted by Setlow et al. (4) , ''until Ϸ10 days (age) the fishes' skin has no distinct layers, but prominent melanin-containing cells lie on the surface of the myotomes.'' In contrast, the melanin-containing cells in the adults (melanocytes and melanophores) are primarily dermal (16) , or intertwined with and underneath several layers of epidermis and scales. Transverse sections of adult and juvenile fish are shown in Fig. 4 , showing this marked difference, with the overall depth of melanotic cells in the juveniles being Ͻ10 m, whereas the total depth of all melanotic cells in adult fish was in the range of 100-150 m. Because both light scattering and absorption by melanin increase at shorter wavelengths, we therefore believe that the epidermis and scales of the adults might selectively absorb more incident UVB light (in comparison with more penetrating UVA light) before it can reach all of the melanin-containing cells, as opposed to the 6-day-old fish in which the screening of UVB will be lower. Because the action spectrum in Fig. 3A is normalized at UVB wavelengths, this selective screening of UVB in the adults would result in lower values at the short wavelengths and hence lead to an apparent increase in effectiveness at longer wavelengths.
The experiment therefore was repeated using 6-day-old fish.
Again, nonpigmented fish exhibited no melanin EPR spectrum, either at baseline or under UVA irradiation. However, pigmented 6-day-old fish exhibited melanin EPR spectra, the magnitude of which was increased by UVA irradiation in a similar fashion to the adult fish. The action spectrum of ⌽ ox therefore was obtained in an identical manner and is presented in Fig. 5A , again with that of melanoma causation, ⌽ mel (4). Again, the general forms of the two spectra are very similar but with a much-improved correlation at 404 and 436 nm. Statistical analysis showed no significant difference between any individual wavelength values of the action spectra of ⌽ mel and ⌽ ox in the juvenile fish. When the values of ⌽ mel and ⌽ ox at individual wavelengths were plotted against each other and fitted by linear regression, correlation coefficients of 0.995 (P ϭ 0.0005) and 0.996 (P ϭ 0.003) were obtained for the juvenile and adult data, respectively (Figs. 5B and 3B, respectively). However, for the linear regression equation ⌽ ox ϭ A ϩ B⅐⌽ mel , for the adult A ϭ 0.13 and B ϭ 0.87, whereas for the juveniles A ϭ Ϫ0.01 and B ϭ 1.001. Thus, the juvenile data for ⌽ ox represents a much better correlate with ⌽ mel than the adult ⌽ ox data. Because the action spectrum of ⌽ ox reproduces that of ⌽ mel , it can be inferred that UV causation of melanoma in this Xiphophorus model is dominated by melanin photosensitized oxidant production. The greater importance of longer wavelengths (404 and 436 nm) deriving from selective screening by the thicker layers of melanotic cells in adult fish suggests that these longer wave- lengths also may be proportionately more important in melanoma causation in human tissues with a similar distribution of melanocytes, such as melanocytic nevi. These nevi are precursors to melanoma in a significant proportion of human melanomas reported, with estimates ranging from about one-third (26) to two-thirds (27) . Such melanotic nevi will provide selfscreening of shorter wavelengths, in contrast to the relatively superficial location of most human melanocytes at the epidermal-dermal junction, so that UVA and visible light can penetrate more extensively into the nevus to exert effects on a much greater proportion of nevus cells and therefore have proportionately greater effects in overall malignant transformation of these lesions.
The sensitivity of this highly pigmented fish model to UV causation of melanoma is in contrast to the relative resistance against UV induction of melanomas afforded by darker skin in humans. This finding primarily results from the Xiphophorus model requiring a single mutagenic event (4, 16) , whereas human melanoma is a multistage process requiring multiple steps of initiation, promotion, and progression over a period, and so it intrinsically requires much more UV over extended periods. However, contributions from melanin being produced and stored and leading to tumors in different melanocytic cell types in fish (melanophores and macromelanophores) (4, 16) or from differences in skin structure or lowered DNA repair compared with humans also may be important, so direct comparison between the two cases is difficult. The relative resistance of darker-skinned humans to UV induction of melanoma compared with lighter-skinned humans is also complex but likely involves contributions from increases in melanosome size leading to lower fluxes of oxidants from larger melanin aggregates in darker skins (28), increased melanosome͞melanin levels in upper epidermal layers protecting underlying melanocytes (29, 30) , and the lack of pheomelanin, which is a more powerful photosensitizer than eumelanin (31) .
Relevance of the Action Spectrum for ⌽ox to Melanoma Causation in
Other Species. Much evidence suggests that melanin is a major photosensitizer involved in the causation of melanoma by sunlight in pigmented species. In vitro studies of isolated melanin show that it is an efficient photosensitizer, producing a range of oxidizing species (21, 23, 32) that are capable of exerting biological effects such as causing DNA damage (33) and forming lesions such as 8-hydroxydeoxyguanosine that are mutagenic (34, 35) . This potential for photosensitization by melanin was supported in this Xiphophorus model, with previous data (n Ͼ 600 fish) showing that unpigmented fish did not show melanoma causation on UV irradiation (16) . These experimental data are supported by melanoma incidence rates in albinos, a naturally occurring human ''melanin-knockout'' population: melanoma is very rare in Caucasian albinos (36) with only 27 case reports worldwide up to 2000 (37) . Moreover, many of these reported melanomas are in sites not associated with sun induction of melanoma in normal populations (38) (39) (40) (41) , and so are similarly unlikely to have been caused by solar exposure. Further evidence is found in studies of albino black populations in Africa, who as expected are much more sensitive to UVB-mediated events such as sunburn and skin carcinomas (42) because of the lack of melanin pigment photoprotection in high solar fluxes. However, the incidence of melanoma in this population is exceptionally low (42, 43) , supporting the conclusion that melanin is normally the central photosensitizer in melanocytes that is responsible for melanoma causation in humans (44) .
Therefore, we propose the action spectra of ⌽ ox as a powerful, mechanistically based surrogate for ⌽ mel in melanin-containing species other than Xiphophorus. Importantly, ⌽ ox could be measured in human skin, by X-band EPR for excised samples, or in situ and in vivo using low-frequency L-band EPR with surface coils developed for biomedical uses (45) (46) (47) . Our current efforts are focused on establishing the relationship between ⌽ mel and ⌽ ox in the mammal Monodelphis domestica, a pigmented melanoma model in which UVA has been implicated in causation of both melanoma and its precursor lesions (2, 48): a strong positive correlation between ⌽ mel and ⌽ ox , similar to that observed here in Xiphophorus, would support the use of action spectra of ⌽ ox as surrogates of ⌽ mel in other mammals such as humans. The corollary of these data are that studies of UV causation of melanoma in nonpigmented albino models may better model melanoma causation in albino humans, but not that in pigmented humans. Furthermore, melanoma prevention strategies based on preventing or ameliorating melanocyte oxidative stress may prove more useful than those based on pyrimidine dimer prevention or repair in nonalbino humans (49) .
Materials and Methods
Xiphophorus Strains and Usage. All fish were obtained from the Xiphophorus Genetic Stock Center (www.xiphophorus.org). Experiments using pigmented adults were performed with 9-month-old interspecies hybrids (F 1 hybrids) from the cross, X. maculatus Jp 163 B ϫ X. couchianus. This cross results in a dramatic enhancement of the X. maculatus Jp 163 B derived Sp (spotted side) pigment pattern such that F 1 hybrids exhibit solid melanization from the pectoral fins posterior to the tail on the flank of the animal. Animals from this interspecies cross were used in studies of UV-wavelength-specific melanoma induction (4). As a control for these pigmented interspecies hybrid fish, adult albino X. helleri (50) were used. For experiments involving juvenile fish, pigmented or unpigmented segregants of firstgeneration interspecies backcross hybrids (BC 1 hybrids) produced from the cross, X. andersi ϫ (X. maculatus Jp 163 B ϫ X. andersi) were used. Melanization of the pigmented BC 1 hybrids from this cross phenotypically resemble those of the cross described above. All fish were maintained as pedigreed lines according to standard Xiphophorus Genetic Stock Center protocols. Adult animals were killed, and full-thickness skin then was carefully removed with a fresh razor blade and dissecting tweezers in a filleting motion from the junction of the tail to close to the abdominal cavity, and a portion (Ϸ3 ϫ 5 mm) of this skin was placed in the sample holder (see below), epidermis up. For pigmented fish, the skin was selected from pigmented areas; for nonpigmented fish, skin from the corresponding area was chosen. Six-day-old animals were similarly killed, but because of their small size preventing easy dissection, and the fact that the EPR cavity tuning was not adversely affected, they were simply bisected with a fresh razor blade, and the rearmost third of this section, containing the pigmented areas, was mounted in the sample holder. Transverse sections of formalin-fixed, paraffin- embedded fish were made using conventional techniques, but because melanin visualization was less obvious in juveniles, it was enhanced with Fontanna-Masson staining (51).
UV Irradiation. UV light from a 500-W XeHg arc lamp (Oriel, Stamford, CT) was filtered with a dichroic mirror and water filter to remove infrared. Specific Hg line wavebands were isolated by using UV interference filters (Oriel). All wavebands other than UVB (302 and 313 nm) also were filtered with a WG320 filter to remove UVB. A typical example is shown in Fig. 6 . Light beams were attenuated by using wire mesh neutral density filters [neutral density was confirmed by using the calibrated scanning spectroradiometer (Model 742, Optronics International, Chelmsford, MA)] (2) to allow dose rate control in some experiments. The filtered light was delivered to the EPR cavity using a liquid light guide, with a custom-built mount to interface the beam collimator with the irradiation grid of the EPR cavity. The spectral emission profile of the light beam for each filter combination with the light guide assembly was determined by using a calibrated scanning spectroradiometer (Optronics Model 742) (2).
EPR Spectroscopy. The sample was mounted in a specially constructed polytetrafluoroethylene sample cell with a silica UVtransparent window (52) containing a small pad of watersaturated filter paper (10 l) to prevent any sample desiccation. The sample was placed in the high-sensitivity resonator X-band EPR cavity with an Elexsys E540 EPR spectrometer (Bruker Biospin, Billerica, MA). EPR spectroscopy was performed at X-band (9 GHz) frequencies, using nonsaturating microwave powers and 100-kHz modulation; other parameters are detailed in the figure legends. EPR spectra were recorded by sweeping the magnetic field through resonance (Fig. 1 A) , whereas action spectrum experiments were performed by fixing the magnetic field at the spectral maximum and recording the signal as a function of UV irradiation (Fig. 1B) .
Statistical Analysis. Student's t test was performed by using SIGMA STAT 3.0 software (SPSS, Chicago), with means, n, and standard errors from this work and that of Setlow et al. (4) . Linear regression was performed by using ORIGIN 5 .0 software (Microcal, Amherst, MA).
